Clinical results for the treatment of displaced intra-articular calcaneal fractures are mainly expressed using disease-specific outcome scores, physical examination and radiographs. We hypothesized that plantar pressure and foot position analysis is a valuable tool in assessing foot function in patients with a unilateral displaced intra-articular calcaneal fracture treated percutaneously. Materials and Methods: With a followup of at least one year, 21 patients with a unilateral displaced intra-articular calcaneal fracture treated percutaneously participated in the study. The pedobarographic measurements in the injured foot were compared with the contralateral control foot. Correlations between the ratios (injured/control) of plantar pressure and foot position variables and outcome scores, the physical exam items ratios, the fracture classification, and the radiological parameters were calculated. Results: Statistically significant differences between the injured and the control foot were found for the weight distribution (p = 0.002), total contact time (p < 0.001), and the maximum pressure under the first metatarsal (p = 0.02) after a median followup of 18 months. Of all correlations calculated, only the heel time ratio correlated significantly with the heel width ratio (p = 0.004). Conclusion: Significant differences in plantar pressure distribution between the injured and uninjured foot were found, indicating that plantar pressure analysis and foot position analysis is an objective test to assess deviations in foot function. Plantar pressure data revealed limited correlation with outcome scores. Therefore, plantar pressure analysis should not be used instead of but in addition to established outcome scores.
INTRODUCTION
Various modalities exist for the treatment of displaced intra-articular calcaneal fractures. Methods include standard open reduction and internal fixation (ORIF), 3 conservative management, 3 three-point distraction according to Forgon and Zadravecz, 11 percutaneous reduction according to Essex-Lopresti, 9 manual reduction 19 and primary arthrodesis. 2 The percutaneous distraction technique according to Forgon and Zadravecz has been applied at our institute since 1998, with minor modification. 11, 22 Clinical results of treatment of displaced intra-articular calcaneal fractures have mainly been documented using disease-specific outcome scores. Infrequently, pressure distribution analyses have been used to analyze functional results after ORIF, 8, 13 closed and semi-open treatment 10 and conservative treatment. 1, 15 The studies comparing operative and conservative treatment showed improved results after surgical treatment. 4, 23, 24 Patients showed a better compensated walking pattern, 4 improved functional results, and reported fewer subjective complaints compared with patients treated conservatively. 23 The aim of the current study was to assess the value of plantar pressure and foot position as a measure of outcome in patients with a unilateral displaced intra-articular calcaneal fracture treated according to a percutaneous distraction technique. An additional goal was to determine the clinical relevance of pedobarographic analysis by studying whether plantar pressure pattern and foot position correlated with established outcome measurements such as disease specific questionnaires, fracture classification, radiographic data and physical exam data.
MATERIALS AND METHODS

Patients
Twenty-one patients ( with a unilateral displaced intra-articular calcaneal fracture treated by the percutaneous distraction technique according to Forgon and Zadravecz participated in this study after signing informed consent. The study was approved by the local ethical committee. These patients were a selected group from a larger cohort, after excluding patients because of migration or unknown address (n = 9), demise (n = 2), spinal cord lesion (n = 1), bilateral calcaneal fractures, and additional ipsi-and contralateral lower extremity fractures (n = 11), prior to this study. 22 The left foot was injured in 10 cases and the right in 11 cases. The median followup time was 18 months (25th to 75th percentile, 16 to 26). Trauma mechanism was a fall from height (n = 19), or a motor vehicle accident (n = 2). Considering the Essex-Lopresti 3 conventional radiographic classification, there were 3 tongue type, 12 joint depression type, and 6 comminuted type fractures. The Sanders 3,21 CT-classification showed 9 type II, 5 type III and 5 type IV fractures. The classification could not be determined for 2 patients, as the CT-scans were not available. Outcome was determined using three disease-specific outcome scores, and satisfaction with overall treatment was determined using a Visual Analogue Scale (VAS) (range, 0 to 10), 12 American Orthopaedic Foot and Ankle Society (AOFAS) Hindfoot Score, 14 Maryland Foot Score (MFS), 21 and Creighton-Nebraska Score (CN). 6 Correlation coefficients as determined using the Spearman Rank Correlation are given.
Max. x COP, maximum deviation of the centre of pressure line; Pmax, maximum pressure under a specific area of the foot; MFS, Maryland Foot Score; CN, Creighton-Nebraska Score; AOFAS, American Orthopaedic Foot and Ankle Society Hindfoot Score; VAS, Visual Analogue Score. 1 Medial/lateral ratio calculated as ((H1+M1+M2)/(H2+M3+M4+M5)) as described in material and methods. P -values < 0.0125 (Bonferroni correction) are considered statistically significant.
The physical exam was conducted by one independent observer with the patient in kneeling position with the ankle and foot freely movable. The range of motion (ROM) of the ankle and subtalar joint were measured using goniometry. The heel width (mm) was measured from the plantar side of the foot, at the level of both malleoli using sliding calipers. Standardized weight bearing lateral radiographs were evaluated by one observer (TS) and an independent radiologist using goniometry; mean values were calculated from both observers. From the lateral radiograph, the angles of Böhler and Gissane were measured.
Dynamic pedobarographic analysis
In determining which plantar pressure and foot position variables have been investigated earlier, the literature (Pubmed) was reviewed for previous use of plantar pressure and foot position analyses after calcaneal fractures, up to May 2007, using the following search-terms and Boolean operators: ('calcaneus' OR 'os calcis' OR 'calcaneum' OR 'calcaneal') AND 'fracture' AND ('gait' OR 'plantar pressure'). This search identified 13 studies; nine used a platform as measuring device and four used insoles ( Table 1 ). The number of items used per study ranges from 1 to 11. Twentyfour different items were analyzed, of which seven were determined only once. The most frequently used parameters were the Centre of Pressure (COP) and the pressure under different areas of the foot, which were both determined in 8 studies.
All plantar pressure distribution analyses were performed at a specialized center for foot, ankle and gait abnormalities. Patients were asked to walk at a free-walking velocity on this platform. The following items were determined: the weight distribution between the injured and uninjured foot while standing, the maximum distance-change ( x) in mediallateral direction of the centre of pressure line from the reference line ( x COP; Figure 1A ) to the foot axis, total contact time, load time percentage (percentage of loading, compared with unloading, during one single step), heel time, the total contact area, the degrees of abduction relative to the walking direction, 13, 17, 20 and the maximum pressure (Pmax) beneath the medial heel (H1), lateral heel (H2), metatarsals (M1 to M5), and the hallux (T1) ( Figure 1B) . The mediallateral foot ratio ((H1+M1+M2)/(H2+M3+M4+M5)) was calculated. Five recordings were made for each patient. The lowest and highest scores for every item were deleted, the three remaining were averaged. Two investigators (AS, EL) measured all plantar pressure and foot position variables in duplicate to determine intra-observer variability and interobserver agreement.
Statistical Analysis
The statistical analysis was performed using the Statistical Package for the Social Sciences (SPSS) version 12.0 (SPSS, Chicago, IL). The Kolmogorov-Smirnov test was used to test for normality of the data. The Levene's test was applied to assess homogeneity of variance between data of injured and control feet. Since most items did not show normal distribution or equal variance, all items were regarded as nonparametric for the statistical analysis. Therefore median numbers and the 25th to 75th percentile are provided.
The intraclass correlation coefficient (ICC) was determined as an index of reliability to measure repeatability (intraobserver reliability) and reproducibility (interobserver reliability) of the pedobarographic analysis. These were graded according to Landis and Koch: 16 0, poor; 0.01 to 0.2, slight; 0.21 to 0.4, fair; 0.41 to 0.6, moderate; 0.61 to 0.8, substantial; and 0.81 to 1.0, almost perfect agreement.
The Wilcoxon signed ranks test was used to assess whether plantar pressure and foot position variables differed between the injured and uninjured foot. For all items, the ratio of injured versus unaffected foot was calculated. The Spearman rank test was applied to correlate these ratios to the diseasespecific outcome scores, the VAS, and data from the physical exam. The radiological data and the fracture classification were correlated with the Footscan data of the injured foot. The Bonferroni correction was applied to correct for multiple comparisons; meaning that the significance level of p = 0.05 was divided by the number of correlations determined.
RESULTS
Patients
The median AOFAS was 88 points (25th to 75th percentile, 82 to 98). For the MFS this was 89 (25th to 75th percentile, 78 to 94), and the CN was 83 (25th to 75th percentile, 73 to 94). The median VAS score was 8 (25th to 75th percentile, 7 to 9). Determined from the physical exam the median ratio (injured/uninjured) of the ROM of the ankle joint in sagittal direction was 0.90 (25th to 75th percentile, 0.82 to 1.00) and the median ratio of the subtalar joint in the in-and eversion plane was 0.76 (25th to 75th percentile, 0.50 to 0.92). The median ratio for the heel width was 1.06 (25th to 75th percentile, 1.03 to 1.09). The median ratio of Böhlers angle of the injured foot at followup versus that of the control foot was 0.57 (25th to 75th percentile, 0.30 to 0.82), for the Gissanes angle this was 1.04 (25th to 75th percentile, 0.99 to 1.08).
Pedobarographic Analysis
The results of the plantar pressure and foot position variables analysis are shown in Table 2 . Patients generally put more weight on the control foot than on the injured foot while standing. The injured foot had a statistically significantly reduced total contact time and higher maximum pressure under the first metatarsal compared with the control foot. None of the other items analyzed showed statistical difference between both feet.
To determine the accuracy of the measurements, the repeatability and the reproducibility were determined for all plantar pressure and foot position variables. The intraobserver reliability ranged from 0.83 to 1.00 for the first observer (AS) and from 0.96 to 1.00 for the second observer (EL). The interobserver reliability ranged from 0.95 to 1.00.
To determine whether plantar pressure and foot position variables associated with clinical and outcome parameters, all pedobarographic pattern items were correlated with outcome scores, physical exam data and radiological data. Although several trends were observed, only the association between heel time (ratio injured/control) and heel width (ratio injured/control) were statistically significant after applying the Bonferroni correction: (Rs = 0.60, p = 0.004). The correlations with the outcome scores and VAS are shown in Table 3 . None of the plantar pressure and foot position variables correlated significantly with commonly used outcome scores. However, there were trends for an inverse correlation of the percent load time with the VAS (Rs = −0.47, p < 0.03).
Although not statistically significant upon Bonferroni correction, the heel time ratio tended to associate with the ROM ratio in the sagittal plane (Rs = 0.49, p = 0.02).
DISCUSSION
The current study was conducted to establish pedobarographic deviations after percutaneous repair of displaced intra-articular calcaneal fractures and to correlate these data with standardized questionnaires, physical exam and radiographs. Data revealed changes in foot form and in the physiology of walking after an intra-articular calcaneal fracture. This is in concordance with findings from other studies. 4, 10, 15, 18, 20, 24 Since treatment modalities, dynamic pressure and footscan equipment, items analyzed, and outcome scoring systems applied vary between studies, extrapolating data from one study to another is difficult.
At our institution, percutaneous technique was the sole treatment used for intra-articular calcaneal fractures. Only patients with a unilateral intra-articular calcaneal fracture treated percutaneously were included, justifying the use of the contralateral foot as an internal control.
Of all items used by others, the COP has been applied most. Four out of 8 studies reported a lateral shift of the COP line after calcaneal fracture. 4, 7, 13, 18 However, as it was frequently not specified how this was calculated, subjectivity cannot be ruled out. In the current study, a reproducible and quantitative method was chosen to determine the Max x COP. This method revealed no statistically significant difference between the injured and control foot, indicating equal stability of both feet, contrasting the study by Davies et al., who measured only the lateral deviation from the reference line. 7 An explanation for this difference might be the good subtalar movements in this study, which has shown correlation with lateralization of the centre of pressure line. 7, 20 A load shift to the lateral side for the injured foot reflecting reduced mobility of the subtalar joint was suggested in three studies. 13, 18, 20 The higher Pmax under M1 of the injured side as found in our study, however, suggests a medial rather than a lateral shift. Analyzing the Pmax ratio of medial/lateral areas revealed a trend towards lateralization of the injured foot; however, this difference was not statistically significant because of the low power. The lateral load shift was visualized in the study by Rosenbaum by a significant increase in peak pressure at the level of the 5th metatarsal and a decrease under the head of the first metatarsal. This lateralization was not seen in other areas of the foot. 20 Only 14 patients were included in their study, of which two-thirds were treated operatively and one-third conservatively.
The current study indicated that patients bear weight on their injured foot significantly less while standing, and put more pressure on the first metatarsal of the injured foot than on the contralateral uninjured side. Since the heel time of the injured foot equals that of the control foot, these data imply that patients avoid walking on the injured heel. This could either be the consequence of existing physical complaints or because of fear of physical complaints. This finding is in agreement with that of Rosenbaum. 20 As opposed to our study, Follak and Merk showed a trend toward increased loading of the injured foot during standing, due to a greater loading of the forefoot. 10 It cannot be ruled out that this difference might be attributed to a difference in followup time between their study (5 years) and the current study (1.5 years) . Unfortunately the current study has insufficient power to assess if a correlation with followup time exists. Moreover, Follak included patients treated with closed (n = 15) and semi-open (n = 15) repositioning of fragments, whereas all patients in our study are treated with the same treatment modality.
In our population the total contact time was statistically significantly shorter for the injured foot compared with the control foot. As the power for this item was low (17%), the meaning of this finding might be questioned. Increased contact phases were found by Siegmeth et al. 23 and Toth et al., 24 who also used pressure plates in their studies. The latter group reported a statistically significantly increased contact time of the injured midfoot. In contrast to these findings, studies by Follak 10 and Kinner 13 revealed equal total contact times and stance phase for both the injured and the control foot. In both studies, pedobarographic insoles were used instead of pressure plates. The interpretation of these results is complicated by a large variety in patient numbers (range, 20 to 171) and followup time (24 to 72 months).
Of all the correlations calculated, only heel time ratio correlated significantly with heel width ratio. Other trends were identified, but lost statistical significance after correction for multiple testing. This means that pedobarographic analysis cannot be used as a replacement of routinely performed outcome tests. The near perfect reproducibility and repeatability of our analyses indicate the high accuracy of the plantar pressure analyses performed. Therefore, determining plantar pressure and foot position variables may be a valuable addition to the panel of tests and outcome scores to assess differences between the injured and uninjured feet. 10, 13 It cannot be ruled out that for some items analyzed a limited power might have compromised the study results. A sample size of 325 patients would be required in order to reach sufficient power for all items (data not shown). Due to the low incidence of unilateral displaced intraarticular fractures and the strict inclusion criteria, this was not feasible.
Dynamic pedobarography and gait analysis are objective measurements of foot function after intra-articular calcaneal fractures 7, 13, 17 and have been shown to correlate inconsistently with different outcome scoring systems, radiological parameters and physical exam. 7, 17, 25 It is said to be superior to radiographic analysis in assessing functional outcome, 16 and will find increasing use in the evaluation and assessment of musculoskeletal function after reconstructive or corrective surgery. 10 The near perfect reproducibility and repeatability indicate the high accuracy of the pedobarographic analyses as described here supports the latter. This implies that, although correlation with outcome or radiology is poor, pedobarographic pattern analysis represents a reliable addition to the panel of tests and analyses performed at present.
CONCLUSION
Percutaneous treatment of displaced intra-articular calcaneal fractures according to Forgon and Zadravecz yields satisfying results on average. Patients had high scores on the different outcome scores but there were few statistically significant differences between the injured and the control foot during walking on plantar pressure and foot position variables.
Most of the plantar pressure and foot position variables analyzed did not correlate with the disease-specific questionnaires, physical exam and standardized radiographs, rendering the place of pedobarographic analysis in determining outcome after a displaced intra-articular calcaneal fracture unclear.
Pedobarography may represent a valuable addition to the currently applied tests such as radiographic and physical exams to assess functional recovery, but large variation exists in methods and measured parameters. More uniformity is required to compare results of different studies and treatments to enhance insight in this disabling injury.
